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Abstract
Energy and environmental sustainability have become central objectives in mobility system design and mass 
transit schemes. In addition to environmental prudence, a new world economic order calls for more efficient use of 
financial resources. This study focuses on developing a benchmarking technique to measure the degree to which
energy management systems are utilized in metro stations by reviewing the broad literature in energy management in 
the transportation and construction sectors and exploring the techniques used to reduce energy consumption. A System 
Application Matrix is constructed using the Quality Function Development approach and Analytic Hierarchy Process 
in which the model has three main energy management categories: an energy efficiency system, a renewable energy 
system and a recovery energy system. Each main category includes a subcategory or subcategories. For example, the 
LED lighting system, walls insulation and platform screen doors are the subcategories of the energy efficiency system.
Solar panel is the only subcategory of the renewable energy efficiency system and energy storage is also the only
subcategory of the recovery energy system. The optimal design of these five subcategories will be provided for 
developing the System Application Matrix. Furthermore, the System Application Matrix is validated via industry and 
academia experts’ input, using the Analytic Hierarchy Process and piloted on theoretical data runs. After prioritizing 
the experts’ judgments, the energy efficiency system had the highest priority (61.2%) compared to the two other main 
categories of the energy management system. Consequently, after Quality Function Development matrix analysis,
LED lighting had the highest level of importance by almost 29.1%. The next highest elements were wall insulation 
and platform screen doors by almost 26.2%. Solar panels, with 9.8%, and energy storage, with 8.7%, were the last 
two elements in terms of relative importance. Ultimately, the System Application Matrix, which is a “Best in Class” 
benchmarking model, is considered to be an integration model providing both government and private sectors with 
the ability to measure the level of importance of applied energy management elements in metro stations. 
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1. Introduction 
Currently, energy and environmental sustainability is the predominant objective in the design of mobility 
systems. Because energy falls within both the economic and the environmental dimensions of sustainability, its related 
economic efficiency should be ensured. In fact, in an economically prudent system, it is essential to demonstrate a 
high level of energy efficiency [1]. Many studies has shown the importance of integrating the energy management 
system in both transportation and construction sectors. Additionally, 16% of the total consumption of the energy in 
the world is typically attributed to consumption in public buildings. Metro stations are high traffic publically accessed 
buildings. Although, there are some energy management techniques that have been suggested to reduce the energy 
consumption in metro stations, there is no research work on comprehensive benchmarking models for the optimal use 
of energy management systems in such facilities. Moreover, metro stations in several countries have applied various 
energy management systems and techniques, such as energy storage units, platform screen doors…etc. Yet, to the 
author’s knowledge, there is no literature on a metro/train stations that applied a blanket approach to measure and 
manage energy efficiency. For example, the Paris metro systems (RATP) recently began to retrofit their stations with 
LED lightings and it is estimated the energy consumption should decrees by almost 50% of total consumption. Some 
countries such as United Stated, Germany, and Italy are using energy storage units to recover about 8% of lost energy. 
The UAE installed platform screen doors in metro stations to enhance the safety of the passengers and also reduce the 
energy consumption by preventing the loss of air to the tunnel. 
2. Methodology 
This study is the first stage in the conception of a framework to benchmark the use of EMSs in metro stations. 
The research goal is to create and design the elements of a “Best in Class” metro station in terms of energy and cost 
efficiency, conservation, and management. The focus of this paper is on efficient use of energy only and the economic 
analysis for installation of these systems are not going to be studied in this paper.  The main emphasis of these systems 
and the three steps, which are described below which are used to derive a metro station benchmark that can be used 
to plan new metro station projects and assess existing stations for retrofitting.
x Assess the broad literature review on building and metro transit energy system techniques. 
x Design a “Best in Class” metro station benchmarking model using three categories of energy management (energy 
efficiency system, renewable energy system, recovery energy system). Each main category has subcategories or 
elements, such as LED lighting, wall insulation and platform screen doors. These are the three elements of an 
energy efficient system. The solar panel is the only subcategory in the renewable energy system, and energy 
storage is the only element in the recovery energy system. 
x Validate the design of the “Best in Class” metro station by creating an expert panel using AHP analysis and QFD 
matrix in the decision matrix.
x Create an integration model (SAM) to benchmark the effectiveness of energy management practices in metro 
stations. 
2.1 Progressive Procedure for the Design 
According to Architectural drawing from the existing metro station in city of Tehran, Iran, the total area of 
the “Best in Class” metro station, is 9000 m2. It can handle 22,000 passengers per hour, which means 11,000 
passengers in both directions. The length of the platform is 170 m, which accommodates trains that are 150m long. 
Each train consists of six cars. 
2.2 Platform type.
The center platform and the side platform are the two main types of platforms in metro stations. In a report 
entitled “Transit Capacity and Quality of Service Manual” by National Research Council [2], on the side platform, 
there are vertical transportation devices, which allow separating the traffic flows, hence improving the handling 
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capacity of the metro station. In a “Best in Class” metro-station design, we will use the side platform, which handles 
passengers easily.
2.3 LED lighting system.
Some principles should be adhered to in the efficient design of the lighting system in the “Best in Class” 
metro station:
x The lighting system should meet the lighting-level requirements. 
x The applied lighting system should operate in at maximum efficiency usage. 
x The operation of the lighting system should be controlled automatically. 
The lumen method formula is used to determine the number of lamps needed in the “Best in Class” metro 
station [3].
x N = F1 x A / Lu x LLF x Cu                                                                                                                           Eq. (1)
The total number of fixtures for Areas 1-5 in metro station is 43. There are four lamps per fixture, which 
gives the total of 176 lamps for the entire metro station.
2.4 Solar panel systems.
The grid-connected PV system will be used for the “Best in Class” metro station. This PV system does not 
require batteries because the grid collects energy from the PV generator according to the National Electrical Code 
(NEC) [4]. The PV panels will be used to generate the electricity to cover the energy required by the LED lighting 
system of the “Best in Class” metro station [5]. First, the nominal operational voltage of the PV system is identified 
from the solar sheets, which are available on the market. In terms of the DC load, the total energy required per day by 
the metro station is measured by individual power rating appliance [W] times the daily operational time. In the case 
of the AC load, which is our concern, the required energy has to be expressed as a DC load because the PV modules 
will generate energy in DC electricity [30]. The ZS- M-145 solar panel will be used for the “Best in Class” metro 
station. The optimum current of modules is 9.42 A, and the total required current generated by the solar arrays, is 490
A. The number of parallel modules needed in the PV system is measured as follows:
x Total current required from solar arrays/current generated by modules at peak power                                Eq. (2)
x No of modules in Parallel: 490/9.42=52 No                               
2.5 Flywheel energy storages.
Some key factors in the design of flywheel energy storage, that is, the amount of energy storage in flywheels 
and the specific energy of flywheels, are material, Geometry, length and Bearing. The best material to use for flywheel 
energy storage in the “Best in Class” metro station is the fiber composite which has the highest tensile strength with 
the lowest density. According to Haichang and Jiang [6] , the hollow cylinder is the best shape to maximize the specific 
energy in flywheel energy storage. Therefore, hollow cylinder shape will be used for flywheel energy storage in the 
“Best in Class” metro station. Finally, HTC bearings will be used in flywheel energy storage in a “Best in Class” 
metro station because of their very low power loss and high force in collecting kinetic energy.
2.6 Insulation for exterior walls
The optimum insulation thickness for the exterior walls of the “Best in Class” metro station should be in line 
with both energy consumption costs and the total budget for the supply and installation of the insulation material. The 
optimum insulation thickness with respect to energy saving should be chosen by considering the cooling and heating 
loads in the “Best in Class” metro station. The insulation materials for walls will be polystyrene and rock wool. By 
applying this type of insulation, the energy saved by external wall areas in the “Best in Class” metro station would be 
almost 12% $/m2. The following equation gives the optimum insulation thickness for the “Best in Class” metro station 
according to the present-worth factor, properties of insulation material and walls, corresponding price of insulation, 
and degree-days of the target location [7]:
[BRSWLPXP ''&BI3:)N+BX&BLȘ-k.R_wt                                                                       Eq. (3)
According to the properties of the insulation materials, fuel price, degree-days of the location, system 
efficiency and the insulation cost of materials for both Rockwool and Polystyrene. The two optimal thicknesses of 
the polystyrene and Rockwool insulations are 78 and 154 millimeters, respectively, in terms of cost efficiency.
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2.7 Energy Management Elements Index
This study uses the analytic hierarchy (AHP) model of energy management in the “Best in Class” metro 
station. The model is used to find the proper weighting of each element: LED lighting, solar panels and so on. In the 
initial stage of this process, the criteria are compared using the pair wise comparison. The level of importance will be 
determined based on industrial requirements, as well as the experts’ judgment according to their experiences. The 
outcome of the Analytic Hierarchy process (AHP) will help to develop the decision matrix using the quality function 
development (QFD), which leads to the best practices in energy management in metro stations. This will assist both 
governments and private sectors to evaluate the level of integration into the energy management performance in metro 
stations. This prioritization of the integrated process will be used to weight the decision matrix in the QFD analysis. 
The QFD matrix will help parties to identify the appropriate subcategories of energy management, such as LED 
lightings, solar panels, flywheel energy storages and so on. 
2.8 QFD Decision Matrix 
In this step, the rating process index and the AHP driven prioritization will be used to create the QFD decision 
matrix. In addition, the QFD can be used as an index to compare the level of energy efficiency in metro stations of 
different countries. The first step is to determine the main categories in energy management. This step was already 
identified in the AHP process. The three main categories in energy management in metro stations are the energy 
efficiency system, renewable energy system and recovery energy system. LED lighting, platform screen doors and 
wall insulations are the three subcategories of the energy efficiency system; the solar panels and geothermal heat 
pumps are the subcategories of the renewable energy system; and energy storage is the subcategory of the recovery 
energy system. The second step is to rank the importance of each subcategory according to the prioritization of the 
main categories determined by AHP. A ranking from 1 to 10 should be used where 10 means extremely important and 
0 means not applicable. The third step is to evaluate the target or reference model (i.e., the metro station) against other 
metro stations in different countries. The forth one is to determine the direction of improvement for the technical 
requirements. For instance, after the analysis of the level of energy management in the metro stations in each country, 
the efficiency weaknesses and strengths will be determined, and the direction of improvement for better energy 
efficiency will be identified. In the fifth step, the relationship between the main categories in energy system 
management and their subcategories will be determined according to the following correlations. In six steps, the
correlation between subcategories will be determined. Seventh or Last steps, will determine the column weights. The 
correlation values for the “wants and hows” are multiplied by the value of expectation ranking.
3. Analysis
This chapter will focus on the expert judgments about the energy management in metro stations based on the 
results of the analysis of AHP priorities. The first part of this chapter stipulates the process ranking in which the 
concluding outcome will be used in QFD matrix. The decision-making software Expert Choice will be used to evaluate 
the AHP analysis by using the experts’ judgments. Three alternatives are given: an energy efficiency system, 
renewable energy system and recovery energy system. The inconsistency ratio for each pair-wise comparison between 
the criteria and the alternatives with respect to the criteria will be calculated, and they should be less than 0.1. The 
overall vector will be calculated for the planning phase of the energy management process. Six expert questioners 
were used in this study. In this software, the combined judgment of all experts is used as the final judgment. In order 
to combine the judgments of all experts in order to weight the criteria and alternative priorities, a geometric mean has 
to be used, which is shown in the following formula [8]:
(݅ = ς)^(1/݊) = ඥ(ܽଵܽଶ… ܽ௡)
೙
ଵ
௡                                                                                                                    Eq. (4)
a = expert input
n = input number 
The data on the expert judgments is updated by using the pair-wise comparison in expert choice. The results 
showed that 50.2 % of experts prioritized the criterion of system productivity over the other two criteria: initial cost 
and environmental compatibility of system. The second criterion prioritized was the initial cost of applying the system, 
which was 34.7%. Five elements are considered in the energy management of the metro station. LED lighting, wall 
insulation and platform screen doors are the subcategories of the main categories of the energy efficiency system. 
Solar panels are the subcategory of renewable energy system. Energy storage is the only subcategory of the main 
category of the recovery energy system. Figure 19 shows the combined instance synthesis of three main categories 
with respect to the goal. The results showed that 61.2% of the experts ranked the energy efficiency system as the 
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highest priority with respect to other three criteria. The second highest priority was the renewable energy system with 
a rank of 20.7%. The third highest was energy storage with a rank of 18.1%. Both field and academic experts gave 
the highest priority to the energy efficiency system in metro stations, which includes LED lightings, wall insulations 
and platform screen doors. The overall inconsistency for the combined priorities of the main categories of energy 
management was 0.
3.1 Quality Function Development Analysis 
The renewable energy system had the second highest priority at 20%, and the recovery energy system had 
the lowest priority at 18%. The relative weight of each main element was calculated as follows: 
x The LED lighting system had the importance weight of 612.6 and the relative weight of 29.1.
x The solar panel system had the importance weight of 203.6 and the relative weight of 9.7.
x The energy storage system had the weight of importance of 184. 4 and the relative weight of 8.8.
x Wall insulation had the weight of importance of 550.8 and the relative weight of 26.2.
x Platform screen doors system has weight of importance of 550.8 and relative weight of 26.2.
3.2 Development of the “Best in Class” Metro Station System Application Matrix
In this chapter, the “Best in Class” metro station benchmarking model or SAM is developed using the expert’s 
data in the QFD matrix and the five elements of energy management (LED lighting, solar panels, energy storages, 
wall insulation and platform screen doors). The model developed in this study will enable both government and private 
sectors to benchmark and measure their energy management efficiency against the “Best in Class” model. This data 
will be entered on Excel spreadsheets to calculate capacity usage and the relative importance of each element to 
determine the level of integration with respect to energy management. The total project percentiles will be specified.  
x LED Lighting Benchmarking Tool
The design data used for the LED lighting will be used to create the ultimate benchmarking tool used to 
calculate the amount of LED lighting needed in the “Best in Class” metro station. Figure 1 shows three types of 
LED lighting: 8.5, 16, and 16.5 W lamps, which are used in different parts of the metro station. The required lux 
level in each area was determined by using the Illuminating Engineering Society (IES) codes. The lumen output per 
each LED lamp and utilization factor plus light loss factor was determined using the specification sheets provided 
by the LED lightings supply company. The usage capacity of LED lighting was calculated to measure the 
corresponding relative weight. For instance, if the metro station had a 100% usage capacity of LED lighting in all 
areas, then the relative weight would be 29.1. 
"Best in Class" metro station benchmarking model for LED 
lighting system
Element
Type of 
system(Watt)
Location A(m2) F1(Lux) Lu(lm) Cu LLF n N
Energy 
efficiency 
systems 
(LED 
lighting)
16
Entrance 
hall
2450 50 1500 0.9 0.99 4 23 
16.5 Platform 400 150 2100 0.9 0.99 4 8 
16.5 Rest rooms 140 150 2100 0.9 0.99 4 3 
8.5 Corridors 126 150 1100 0.9 0.99 4 5 
8.5 Stairways 126 150 1100 0.9 0.99 4 5 
Total 66 3,242.00 20
   
43 
System Element
Usage 
Capacity 
Relative 
weight 
Energy 
efficiency 
system 
LED lighting 100% 29.1
                                                                          Figure 1: “Best in Class” LED Lighting Benchmarking Tool
x Solar Panel Benchmarking Tool
The total voltage needed for the LED lamps was used to calculate the number of solar panels needed for the 
solar panel’s ultimate benchmarking tools. Moreover, because the full capacity of the solar panels is used to supply 
the electricity needed for the LED lighting, the relative weight of the 100% usage capacity of the solar panel is 9.8. 
Figure 2 shows the benchmarking tool for solar panels in SAM. The total voltages needed by the LED lighting system 
were used to calculate the requirements of both DC and AC. The off-grid solar system was used in the “Best in Class” 
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metro station, which does not need batteries to store energy from the photovoltaic cells. Instead, the energy stored in 
the solar cells will be converted from DC to AC current to supply the electricity directly. The ampere-hour will be 
measured by the AC requirement to calculate the number of solar panels needed in both parallel and series 
arrangements.
"Best in Class" metro station benchmarking model for Solar Panels 
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0
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Rest 
rooms 185.2
Corridors 163.9
Stairways 163.9
System Element
Usage 
Capacity 
Relative 
weight 
Renewable 
energy 
system 
Solar 
Panels 
100% 9.8
Figure 2: “Best in Class” Solar Panels Benchmarking Tool
x Flywheel Energy Storage Benchmarking Tool 
The T-700 flywheel energy storage will be used in the “Best in Class” metro station because the specific 
energy that they store is higher than in other types of flywheels. The hollow cylinder was determined as the best shape 
to maximize the energy storage; it has a shape factor equal to 0.61. The maximum specific energy that can be stored 
in one flywheel is 666 Watt-hour/Kg. If the usage capacity of the energy storage were 100%, the relative weight would 
be 8.7. The stored energy can be used to supply the energy needed for the HAVC system or the lighting system.
"Best in Class" metro station benchmarking model for flywheel energy storages 
Element Type of system ıP*SD Ks ȡ.JPA Esp=(Wh/kg)
Energy Recovery
System (Energy 
storages)
Flywheel (T-700) 7 0.61 1780 666
System Element
Usage 
Capacity Relative weight 
Energy Recovery 
system 
Energy storages 100% 8.7
Figure 3: Flywheel Energy Storage Benchmarking Tool
x Wall Insulation Benchmarking Tool
Both polystyrene and Rockwool materials are used as wall insulation in the “Best in Class” metro station 
benchmarking tool, which is shown in Figure 4. In order to find the optimal thickness of the wall insulation, which is 
also economic and efficient, the wall area, degree days of the target metro station, present-worth factor, thermal 
conductivity, system heating, material cost of insulation, thermal resistance and system efficiency were identified. If 
the insulation materials were used in the walls of the metro station, the usage capacity for walls’ insulation would be 
100%, and the relative weight would be 26.2.  
"Best in Class" metro station benchmarking model for Walls insulation 
Element Type of system (Watt) DD, C° Cf $/kg PWF k Hu,J/kg Ci,$ ɻ Rwt Xopt(mm) 
Polystyrene 2055 0.06 9.09 0.032 3.6 29 0.99 0.592 154 
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Energy 
efficiency 
systems 
(LED 
lighting) 
Rockwool 2055 0.06 9.09 0.042 3.6 107 0.99 0.592 78 
System  Element Usage Capacity  Relative weight  
Energy efficiency system  Wall's insulation  100% 26.2 
Figure 4: Wall Insulation Benchmarking Tool
x Platform Screen Doors Benchmarking Tool 
According to the Transport Guideline for Provision Public Transport report (2011), the platform length 
should be 175 m to accommodate a train 150 m in length. The side platforms were designed for the “Best in Class” 
metro station. The minimum width of the side platforms is 6 m, including a 3 m waiting area. In a train that is 150 m 
long, there are eight cars.
"Best in Class" metro station benchmarking model for Platform Screen Doors
Element Type of system Type of Platform L(m) W (m) Platform Area 
(m2)
Number 
of Cars
N of Door
Energy Efficiency 
System(Platform 
Screen Doors)
Full height Side Platform 175 6 1050 6 12
System Element Usage Capacity Relative 
weight
 
Energy efficiency 
system
Platform 
Screen Doors
100% 26.2  
Figure 5: Wall Insulation Benchmarking Tool
x Ultimate Integration Benchmarking Model 
The System Application Matrix (SAM), which is an ultimate integration-benchmarking model, is needed by 
both governmental and private sectors to measure the level of their success in energy management. In this study, the 
integration model was developed according to relative weights of five energy management elements in the metro 
station. If the relative weight of SAM is below 50, the energy management project is unsatisfactory, and both sectors 
need to retrofit their existing and new metro station projects to increase the level of integration. If the relative weight
is between 50 and 70%, the status of the energy management in the project is developing, and it needs further 
appropriate actions to increase the level of integration. If the relative weight is between 70 and 90%, the status of 
energy management in metro station is at an acceptable level. Finally, if the total relative weight is between 90 and 
100%, the status of energy management in the metro station is excellent and can be used as the ultimate model for the 
“Best in Class” metro station and future projects. Figure (5) shows the ultimate benchmarking model ranking.
System Application Matrix (SAM) for Dubai metro stations 
Element Relative 
weight Level Remarks 
Below 50 Unsatisfactory Inadequate integration (Energy management not in desirable level)
50-70 Developing Require further development on Energy management process 
70-90 Acceptable Energy management in metro station is acceptable 
90-100 Excellent Substantial incorporation of energy management in metro station 
Elements
"Best in Class" relative 
weight Current Project 
LED lighting 29.1 29.1
Solar Panels 9.8 9.8
Energy Storages 8.7 8.7
Walls' insulation 26.2 26.2
Platform Screen 
Doors 26.2 26.2
Total 100.0 100.0
Figure 5: Ultimate Integration Benchmarking Model Ranking
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4. Conclusion
The “Best in Class” metro station benchmarking tool, which was entered on the Excel spreadsheets, will 
empower both government and private sectors to benchmark and measure their energy management efficiency in 
metro stations. This benchmarking tool can integrate energy practices in metro stations to measure the level of success 
in energy management. In creating this benchmarking tool—known as a System Application Matrix (SAM)—an 
optimal “Best in Class” metro station design, which has five energy management strategies, such as LED lighting, 
solar panels and so on, was created. In addition, both the AHP analysis and the QFD matrix were used to validate the 
optimal “Best in Class” metro station design and the SAM. The AHP analysis was used to prioritize the energy 
management main categories with respect to three criteria. Selected experts weighed the three main energy 
management categories (the energy efficiency system, the renewable energy system and the recovery energy system) 
and the three criteria (system productivity, initial cost of the system and environmental compatibility of the system) 
based on both their field and academic experiences. After prioritizing the experts’ judgments, system productivity 
(50.2% of votes) had the highest weight among the criteria. Additionally, the energy efficiency system, which was 
one of the main categories in the energy management system, had the highest priority (61.2%) compared to the two 
other main categories of the energy management system. The QFD matrix was used to find the relative importance of 
five energy management strategies with respect to the prioritizations of the main categories of energy management, 
which was analysed in the AHP process. LED lighting had the highest level of importance by almost 29.1%. The next 
highest elements were wall insulation and platform screen doors by almost 26.2%. Solar panels, with 9.8%, and energy 
storages, with 8.7%, were the last two elements in terms of relative importance. The System Application Matrix is 
needed by both government and private sectors to measure the level of their success in energy management. If the 
relative weight of a metro station is in the range of 50% to 70%, they have a developing energy management status, 
and if the relative weight is between 70% and 90%, the energy management status is acceptable. Lastly, if the relative 
weight of a metro station is 90% to 100%, the energy management has an excellent status. Both government and 
private sectors can use this integration model or SAM to measure the importance weight of their energy management 
in metro stations.
Acknowledgments
I would like to take this opportunity to express gratitude to my advising professor Dr. Salwa Beheiry, who 
was an incredible mentor for me. A special thanks to expert members, Dr. Ghassan Abu-Lebdeh, Dr. Yousef H.
Zurigat, Dr. Md MarufMortula, Engineer Danish Faraz, Engineer Hamid Reza Salimi and Engineer Ali Vahabpour, 
who contributed in creating an expert panel.
References 
[1] F. Carmen, "Benchmarking Sustainable Urban Mobility," Electric Power System , vol. 12, no. 20, pp. 120-170, 
2012. 
[2] National Rserch Council , "Transit Capacity and Quality of Service Manual," Transit Cooprative Reserch 
Program, London , 2013.
[3] M. M. Norsyafizan and M. Yousf Mat Zein , "Energy Efficient Lighting System Design for Building," 
Intellegent System, Modeling , vol. 5, no. 12, pp. 282-286, 2010. 
[4] P. Gevorkian, Solar power in Building design : the Engineer's Complete Design Resource, New York: 
McGrew-Hill, 2008. 
[5] M. Zeman, "Solar Cell," Photovoltaic Systems, vol. 9, no. 15, pp. 9.1-9.17, 2010. 
[6] L. Haichang and J. Jiang , "Flywheel Energy Storage-An Upswing Technology for Energy Sustainability," 
Energy and Building, vol. 5, no. 39, pp. 599-604, 2006. 
[7] ö. Dombayci, "Optimization of Insulation Thickness for External Walls Using Different Energy-Sources," 
Applied Energy, vol. 83, no. 2006, pp. 921-928, 2006. 
[8] L. Satty, "Decision Making with the Analytic Hierarchy Process," Services Sciences, vol. 6, no. 12, pp. 83-98, 
2001. 
